Summary. The differentiation of the cerebellar neurons and of their afferent fibres has been studied in young specimens of Salmo gairdneri Richardson, 1836. Both light microscopic preparations, stained with haematoxylin-eosin or according to Bodian, Nissl, Kliiver-Barrera or Golgi, and electron microscopic preparations were used. The ventricular matrix layer gives rise to the large neurons of the cerebellum, i.e. Purkinje, eurydendroid and Golgi cells; the secondary matrix produces the smaller neurons, i.e. the granule and stellate cells. The afferent fibres of the cerebellum are the mossy and the climbing fibres. The identification of the cell types, originating from either the ventricular matrix or from the secondary matrix, can be made earlier on the basis of the structure of their processes than on the basis of the structure of their somata. The development of the cerebellar neurons in the trout corresponds in many respects to that in higher vertebrates. In general, differentiation is characterized by a decrease in the number of free ribosomes and an increase of the other organelles, particularly of rough endoplasmic reticulum. The ganglionic layer contains, in addition to the Purkinje cells, the eurydendroid cells. The axons of these elements were in some cases observed to leave the cerebellum, whereas the axons of Purkinje cells are mainly confined to the ganglionic layer. In the trout the development of the granule cells shows a varied pattern. The mature shape of the axons of these elements depends on the migration paths followed by their precursors. T-shaped processes occur in all parts of the cerebellum and unbranched processes only in the valvula. The opinion held for mammals that the more superficial a parallel fibre is situated in the molecular layer the later it has been formed, is not valid for the trout. A number of secondary matrix cells performs tangential migration, not in the submeningeal region but deeper in the molecular layer, viz. under bundles of parallel fibres. The granule cells originating from these "deeper" matrix cells extend their axons at a lower level than the parallel fibres which have been formed previously. Throughout development "dark cells" are found in osmiumstained material. Their dark aspect is due to the presence of a fine filamentous network and of many free ribosomes in the cytoplasm. These immature cells are considered to be migratory.
Introduction
The two previous articles of this series have been devoted to some general features of the morphogenesis and histogenesis of the cerebellum of the trout, and to the differentiation of its constituent matrix cells into neuroblasts and glioblasts. In the present paper the differentiation of neuroblasts into mature neurons will be described.
The cerebellum of the adult trout accommodates five neuronal cell types. These are the granule cells and the Golgi cells in the granular layer, the Purkinje cells and the eurydendroid cells in the ganglionic layer and the stellate cells in the molecular layer. As regards the development of these elements, it has been found (cf. Pouwels, 1978a) that the large neurons (Purkinje, eurydendroid and Golgi cells) develop from the ventricular matrix layer and the smaller neurons (granule and stellate cells) from the secondary matrix layer. Since the development of the neurons in the trout shows much resemblance with that in birds and mammals, emphasis will be laid on those features in which the trout differs from these groups. Some data will be presented on the development of the afferent fibres of the cerebellum, i.e. the mossy and the climbing fibres. The synaptology of the various types of neuronal elements will be described in the subsequent paper of this series.
Material and Techniques
The material employed in this study has already partly been described (Pouwels, 1978a, b) . Fish ranging in length from 5 to 140 mm were used. For light microscopy the material was stained with haematoxylin-eosin, or according to Bodian, Nissl, Kliiver-Barrera or Golgi. The light microscopic observations are largely based on Golgi material. For electron microscopy a standard procedure (Pouwels, 1978b) was applied to all stages of development.
Abbreviations
a ax, ascending axon; ap, apical; ax, axon(s); bas, basal; d, dendrite(s); eu, eurydendroid cell; gr, granule cell; lp, leading process; rn L, matrix zone L; m t g, membrana limitans gliae; m M, matrix zone M; rnoI t, molecular layer; N, nucleus; P d, dendrite of Purkinje cell; s mx, secondary matrix cell; tp, trailing process.
Results
The neuronal cell types in the cerebellum of the mature trout are shown in Figure 1 . The characteristics of these cell types have been described previously (Pouwels, 1976) . As regards their development the following observations have been made. In the earliest stage in which Golgi impregnation was obtained, Purkinje cells already show axonal and dendritic branches (Fig. 2) . However, the axon with its collaterals is more advanced in development than the dendritic tree. On the dendritic tree, growth cones and filopodia are present at several places (Fig. 2, arrows) and it may be assumed that at these places the dendrites grow and new branches are formed. In young stages filopodium-like appendages are also found on somata. As development proceeds the filopodia of soma, primary and secondary dendrites disappear. On tertiary and higher order dendrites filopodia may even be observed in young adult stages. These dendritic branches are densely covered with spines in mature trout. Whether spines represent transformed filopodia or develop after the disappearance of the latter structures could not be determined. The developing dendritic tree becomes gradually oriented into one plane, viz. perpendicular to the orientation of the parallel fibres. The axonal branches of Purkinje cells are largely confined to the ganglionic layer; in mature trout they are not oriented in one plane, but extend in various directions.
The second neuronal type which is present in the ganglionic layer is the eurydendroid cell. These elements were rarely impregnated in Golgi preparations of developing trout. Initially (Fig. 3 ) the soma is of about the same size as that of a Purkinje cell and the dendritic trunks do not yet issue from opposite poles of the cell as in adult fish (cf. Nieuwenhuys et al., 1974; Pouwels, 1976) . In two cases the axon could be followed towards the base and even outside the cerebellum, passing with other fibres through the core of the corpus.
Electron microscopy yielded the following information on the developing ganglionic layer. In young stages no differences were observed among the neuroblasts of the mantle layer, from which the ganglionic layer evolves (cf. Pouwels, 1978b) . Groups of these cells lie close together. The differentiation of mantle cells into neurons of the ganglionic layer is characterized by the following features: (1) the nucleus becomes larger and less electron-dense with an even distribution of chromatin, (2) the number of free ribosomes decreases, (3) the amount of rough endoplasmic reticulum (RER) and the number of mitochondria increases, (4) the Neuronal Development in Trout Cerebellum 41 RER cisternae appear narrower and more elongated than in early stages. During the outgrowth of the dendritic tree (15 mm and older stages) most organelles of the soma are situated near the side of outgrowth, which is the apical part of the cell (Fig. 4) . The opposite, basal, part of the soma may still have an immature appearance with many free ribosomes (el Altman, 1972b) . The distinction between the somata of Purkinje cells and eurydendroid cells could be made with certainty in 22 mm trout. At this stage Purkinje cells have two rims of RER, one around the nucleus and the other more peripherally under the ceil membrane. Such concentrations of RER are absent in eurydendroid cells. These findings are in keeping with light microscopic observations on Nisst preparations. In specimens of about 25 mm Purkinje and eurydendroid cells can be distinguished from each other on the basis of their afferent synapses (Pouwels, 1978d) . Further differences between these two cell types are the presence of subsurface cisterns in Purkinje cells only and the higher electron density of the cytoplasmic matrix in the latter. In trout of about 20 to 30 mm the surface of Purkinje and eurydendroid cells is irregular because of the presence of perisomatic processes. Similar structures have been described for developing Purkinje cells in birds and mammals (Cajal, 1911; Mugnaini, 1969; Larramendi, 1969; Altman, 1972b) , where they are more abundant than in the trout. The perisomatic processes are generally wider than filopodia, but have a similar content of fine filamentous material. In some cases, however, they contain the usual cytoplasmic organelles. Possibly these processes, when being formed, only contain fine filaments, the next step being a penetration of organelles. The last phase would be a smoothening of the surface by growth of the whole cell. According to this view, the presence of perisomatic processes on cells is related to growth. The same opinion has been expressed by Mugnaini (1969) . The dendrites of Purkinje cells in the trout show the ultrastructure known from studies on these structures in higher vertebrates. The proximal dendrites of eurydendroid cells differ from proximal Purkinje dendrites since their cytoplasm is less electron-dense, subsurface cisterns are absent or very rare, and they contain fewer microtubules, which are less regularly arranged. The distal dendrites of eurydendroid cells bear only a few small spines. No attempt was made to distinguish these processes from other dendrites in the molecular layer with few spines, viz. the dendrites of Golgi cells and stellate ceils.
The third cell type which derives from the ventricular matrix layer is the Golgi cell (el Pouwels, 1978a) . Some of them were impregnated in Golgi series of young trout (Fig. 5 ). The branching pattern of both dendrites and axons is much less elaborate than in the adult. Electron microscopic observations, though scanty, suggest that the development of Golgi cells proceeds in the same way as that of the other large neurons, i.e. the Purkinje and eurydendroid cells. However, Golgi cells can be distinguished from the latter by their slightly lobulated nucleus and by the configuration of their RER membranes. During development as well as in the adult these membranes constitute a conspicuous reticulum.
After this description of the elements which develop from the ventricular matrix, attention will be focussed now on the secondary matrix and its derivatives. The first cells of the secondary matrix, migrating away from the persisting matrix zones, appear in 11.5 mm trout, and during further development a layer of about three rows of cells is formed. Contrary to the condition in mammals (Cajal, 1911; Mareg et al., 1970; del Cerro and Snider, 1972; Altman, 1972a Altman, , 1975 , the secondary matrix in the trout never forms the outermost zone of the cerebellum. The latter is composed of glial terminals (membrana limitans gliae). Three morphologically separate layers, as found in mammals and birds (Fig. 7d: 1, 2, 3, el. Cajal, 1911; del Cerro and Snider, 42 E. Pouwels 1972; Altman, 1972a) could not be distinguished in the secondary matrix of the trout. It was found that both tangentially and radially oriented cells are present immediately underneath the membrana limitans gliae (Fig. 6 ). Mitotic cells occur throughout the secondary matrix layer. The plane of division of these cells is predominantly oriented either perpendicular or parallel to the surface. In osmiumstained material the secondary matrix cells and their immature derivatives show a remarkably dark appearance (Figs. 6, 8) , due to an abundance of free ribosomes and to the presence of extremely fine filamentous material in the cytoplasm. Comparable dark cells have been found in early stages of cerebellar development (cf. Pouwels, 1978b) . The derivatives of the secondary matrix are the granule ceils and the stetlate cells, the former being by far the most numerous.
The development of granule cells proceeds differently in the various regions of the cerebellum. However, the direction of migration and the orientation of newly
formed processes always follow the natural coordinate system, i.e. a tangential or a radial direction. The terminology which will be used for the processes of developing or mature granule cells (Fig. 7) is as follows. The process "in front of" the soma, pointing towards the path of migration is termed the leading process; the process "behind" the soma, in the path of migration, is termed the trailing process. These two terms are adopted from the work of Rakic (1971a Rakic ( , b, 1972 . The parallel fibres are divided into a part x, situated between the bifurcation and the site of origin of the cell, and part y, being the opposite part of the parallel fibre. The axonal segment, connecting the soma with the point of bifurcation, is designated the ascending axon.
In the electron miocroscope it was observed that the secondary matrix layer contains two types of tangentially running processes: axonal profiles, and processes with an abundance of free ribosomes as is present in the somata. The latter probably correspond to the leading and trailing processes of the secondary matrix cells or primordial granule cells, the former to parallel fibres. In some places it was observed that a leading process terminated as a growth cone. The development of granule cells in corpus cerebelli, valvula cerebelli and lobus vestibulolateralis respectively, will now be described.
In the corpus cerebelli of 13 mm trout, the secondary matrix layer contains many tangentially running fibres. In this stage the first radially migrating cells are observed, most cells still performing tangential migration. Hence, it is concluded that the future granule cell, while migrating, leaves a trailing process behind (Fig. 7a) . This process becomes part x of the parallel fibre. Golgi sections of later stages revealed that part x may gradually bend radially and that part y may lie at a lower level than part x (cell 2 in Fig. 7a) . It is probable, that in those cases part y did not grow out before radial migration started. In young trout part x of the parallel fibre and the ascending axon together indicate the path of migration. In later stages the orientation of cells according to the natural coordinate system is for the greater part lost in the ~ranular layer. Because of the continuous inflow of newly produced granule cells a certain proportion of these elements becomes displaced laterally. In the adult the ascending axons of laterally situated granule cells show an orientation which is no longer radial (cell 2 in Fig. 7a) . Part x of many parallel fibres grows out and pierces matrix zone M from the 16 mm stage onward.
In the valvula eerebelli (Fig. 7b ) part of the primordial granule cells performs a tangential migration followed by a radial migration (cell 1 in Fig. 7b) , as do the granule cells in the corpus cerebelli. Other cells (represented by cell 2 in Fig. 7b ) perform only tangential migration; hence, their axons will not branch T-shaped. In these cells the parallel fibre corresponds to the trailing process.
In the lobus vesffbulolateralls the secondary matrix is formed adjacent to the matrix zones L and P. In the region of matrix zone L (Fig. 7c ) the primordial granule cells orient themselves parallel to the border of this zone and subsequently migrate radially. Parts x and y and the ascending axon develop simukaneously. In the vicinity of matrix zone P the secondary matrix cells and their derivatives show more complex migration patterns (cf Pouwels, 1978a, Fig. 9d ). Generally, the primordial granule cells first migrate tangentially in the sagittal plane over a short distance and then orient themselves parallel to the border of matrix zone P and migrate radially inward. Presumably parts x and y and the ascending axon of these cells develop simultaneously. The results reported above show that the granule cells in the cerebellum of the trout differ in their development from the corresponding elements in mammals and birds, as described by Cajal (1911) and depicted in Figure 7d . According the Cajal's observations the axons of all granule cells bifurcate T-shaped. The two parts of the parallel fibre would always develop simultaneously, whereas a large part of the ascending -properly descending -axon would be formed prior to the radial migration of the soma. The most superficially situated primordial granule cells would not be provided with processes. However, del Cerro and Snider (1972) and Swarz and del Cerro (1976) described the presence of cytoplasmic processes, extending from somata in the external granular layer and separating small groups of cells in this layer from each other.
It has been stated for mammals that the more superficial a parallel fibre is situated in the molecular layer, the later it has been formed. This rule is not valid for the trout. In trout of 15 mm and more, bundles of parallel fibres have pierced the persisting matrix zone of corpus and valvula cerebelli, i.e. matrix zone M. A considerable part of the newly-produced secondary matrix cells migrates laterally under these bundles of parallel fibres. Thus, the granule cells originating from these secondary matrix cells, extend their parallel fibres at a lower level in the molecular layer than many other fibres which have been formed earlier.
The radially migrating cells in the molecular layer closely resemble their tangentially oriented precursors. They may be apposed to other radially oriented structures, viz. glial processes and ascending axons of granule cells, which have already passed through the molecular layer. In the ganglionic layer the migrating granule cells pass along the surface of the perikarya present there (Fig. 8) . The presence of radially arranged rows of granule cells in the granular layer conceivably indicates that several granule cells follow the same migration path. Differentiation of granule cell somata takes place when they have reached their destination, although RER cisternae in the soma start to lengthen slightly earlier. In contrast with developing large neurons, neither the nuclei nor the perikarya of the granule cells show a distinct increase in size. The extreme dark appearance of both nucleoplasm and cytoplasm disappears when these elements have settled in the granular layer. Their nuclei attain a rounded shape, chromatin being distributed in irregular clumps. Their cytoplasm shows an increase in the amount of RER and a decrease in the number of free ribosomes, as has also been observed for the neurons of the ganglionic layer. In some granule cell perikarya an abundance of tubular and vesicular structures in connection with the Golgilcomplex was found, a feature which is probably related to dendritic outgrowth. Primarily, the granule dendrites are short and simple, lacking terminal specializations (Fig. 9a) . However, during further differentiation terminal knobs are formed (Fig. 9b) , which develop into the characteristic claws with about three digits. The only neurons the soma of which is situated in the molecular layer are the stellate cells. Basket cells, i.e. cells with axon collaterals surrounding several Purkinje somata, were not found. The first stellate cells were recognized when many granule cells have already been formed and the molecular layer has reached a fair thickness, viz. in the 17 mm stage. These observations are in accordance with the generally accepted view that stellate ceils originate from the secondly matrix and with the opinion of Rakic (1973) that a certain degree of maturation of the molecular layer is a prerequisite for the differentiation of these elements. During differentiation the stellate cells show an increase of organelles, particularly of RER; however, they only slightly increase in size. Although their dendritic and axonal ramifications are not confined to one plane, stellate cells with very long dendrites, running parallel to the parallel fibres, are found in young trout (Fig. 10) . In some instances these tangential dendrites branch T-shaped from a stem process (arrow in Fig. 10 ). As the other dendrites, these processes bear small spines. In the adult trout stellate cells with such long dendrites were not observed. This means either that they were not impregnated in the Golgi series or that the distal parts of the tangentially-running dendrites disappear as the animal reaches maturity. According to Altman (1972a, rat) stellate cells have to be considered as non-migratory on the basis of their orientation perpendicular to the parallel fibres. This statement is not valid for the trout, since (1) young stellate cells may be oriented parallel to the parallel fibres, and (2) these elements are also found in those regions where a secondary matrix layer has never been present. It is hypothesized, therefore, that stellate cells are able to migrate over some distance and are subsequently rendered immobile by the development of new processes in various directions.
The afferent fibres in the cerebellum are the mossy fibres and the climbing fibres. Concerning the development of the mossy fibres the following observations have been made. In young trout these fibres show simple enlargements ( Fig. 1 l a) , which develop progressively into structures with an irregular surface, i.e. the central parts of the mossy rosette. The irregularity of the surface indicates the degree of maturation of the rosette. Central parts that have reached a certain degree of maturation, start to form thin filiform appendages (Fig. 1 lb) . Mossy fibres in the adult trout show the same characteristics as in mammals.
Climbing fibres have been observed with the light microscope in some Golgi series of trout of about 30 mm (Fig. 12) . No cells were impregnated in the areas where these fibres were found, hence it could not be determined which structures are contacted by them. Their terminations are chiefly situated in the ganglionic layer and in the lowest part of the molecular layer, suggesting that they are in contact with the somata and main dendritic trunks of Purkinje cells. Cajal (1911) distinguished three phases in the development of climbing fibres, a first phase in which the terminal arborizations are perisomatic, a second in which these structures contact the upper part of the soma and the proximal dendritic trunk, and a third phase in which they approach their final position on the main dendritic branches of the Purkinje cells. Ultrastructural observations on mossy and climbing fibres will be described in the subsequent paper on the synaptology of the cerebellum of the trout (Pouwels, 1978d) .
Discussion
If we compare the present study with similar studies on the frog (Gona, 1972 (Gona, , 1975 (Gona, , 1976 , the chick (Mugnaini, 1969) , the mouse (Larramendi, 1969) and the rat (Altman, 1972a, b, c) , it appears that the differentiating cerebellar neurons in all of these species share a number of features. In these vertebrates the large and the small neurons originate from two different matrix layers, and the cytological differentiation of the neurons proceeds in a similar way. However, the present study also revealed some differences in structure and development between the cerebellum of the trout and that of the vertebrates mentioned above. The ganglionic layer accommodates, apart from the Purkinje cell, the eurydendroid cell. So far, this cell type has only been found in another teleostean species, the mormyrid Gnathonemus petersii (Nieuwenhuys et al., 1974) . Cajal (1911) described "cellules fusiformes horizontales" in the upper part of the granular layer of mammals, but the eurydendroid cells are probably not equivalent to these elements. The somata of the fusiform horizontal cells are smaller than the somata of Purkinje cells, while those of mature eurydendroid cells are on the average larger; in addition, the dendritic trees of the fusiform cells of Cajal are mainly confined to the ganglionic layer whereas those of the eurydendroid cells extend in the molecular layer. A special variety of the fusiform horizontal cell, which is found in the upper granular layer of mammals, viz. the Lugaro cell (Cajal, 1911; Palay and Chan-Palay, 1974) , differs from eurydendroid cells in having an axon which ascends to the lower part of the molecular layer and ramifies there. The eurydendroid cells may well correspond to the fusiform cells described by Schaper (1893 Schaper ( , 1894 in the trout and the "gr6ssere Assoziationszellen" of Franz (1911) in the same species. Since the axons of eurydendroid cells probably leave the cerebellum, they may constitute the principal output system of that brain part (Pouwels, 1978d) .
The development of granule cells in the trout shows a more varied pattern than in higher vertebrates. The axon of these elements may be T-shaped or an unbranched process, dependent on the migration paths followed by their precursors. It should be noted that the transition of a secondary matrix cell into a neuroblast could not be traced morphologically. Even among cells, which have left the secondary matrix layer, mitoses have been observed. Kranz and Richter (1970) , studying the cerebellum of young specimens of Lebistes reticulatus with autoradiography, found many DNA synthesizing cells in the molecular layer of corpus and valvula cerebelli. In their opinion these cells do not represent glial cells. If we assume that neuroblasts do not divide, such cells are still to be regarded as matrix cells. On the other hand, the present observations suggest that many cells of the secondary matrix develop axons soon after leaving their sites of origin, and thus should be looked upon as neuroblasts.
As regards the differentiation of the cerebellar neurons, a few additional remarks should be made. It appears that the identification of the cell types, originating either from the ventricular or from the secondary matrix, can be made earlier on the basis of the structure of their processes than on the basis of the structure of their somata. The same has been shown for the identification of neuroblasts and glioblasts (Pouwels, 1978b) . The second remark concerns the interdependence of cerebellar structures during their differentiation. In recent years much experimental work on this subject has been published. The studies of, e.g., Altman and Anderson (1972) , Altman (1973) , Rakic and Sidman (1973) and Hamori (1973) describe the interaction between Purkinje and granule cells. The results from these studies may be summarized as follows: parallel fibres exert a guiding influence on the pattern of growth of Purkinje dendrites, though the growth of the latter shows a considerable autonomy; even in the absence of parallel fibres the characteristic spiny branchlets are formed. The normal material of the trout also suggests an interaction between Purkinje cells and granule cells, since (1) the first young neurons of the ganglionic layer are found in those regions where the secondary matrix layer is best developed, (2) the dendritic trees of the neurons of the ganglionic layer develop in the same area as the axons of the granule cells, irrespective of the migrations performed by each of of these neurons (cf. Pouwels, 1978a) , and (3) the main plane of the Purkinje dendritic tree is always oriented perpendicular to the orientation of the parallel fibres. The investigations of Kornguth and Scott (1972) , Hamori (1973) , Sotelo (1975) , Sotelo and Arsenio-Nunes (1976) and Anderson and Stromberg (1977) deal with the influence of climbing fibres on the differentiation of Purkinje cells. On this subject opinions differ widely. In the present study the influence of climbing fibres, if any, could not be analyzed. According to Altman (1976) the presence of basket cell axons is indispensable for the growth of the Purkinje dendritic trunks. For the trout this view is not valid, since basket cells appear not to be present in this species.
The phenomenon "dark cell" deserves some comment. Dark cells have frequently been observed in the adult central nervous system of many species. Most authors regard then either as artifacts, as the result of a pathological condition, or as "spontaneously" degenerating cells (Cammermeyer, 1962; Friede, 1963; Mugnaini, 1965; Stensaas et al., 1972; Chan-Palay et al., 1974) . Some investigators relate the appearance of dark cells in a neuronal cell population to physiological changes (Tewari and Bourne, 1963; Nemetschek-Gansler and Becker, 1964; Ford and Rhodes, 1965) . In the osmium-fixed material of developing trout such elements are found in the cerebellum and in other brain parts as well. The dark aspect is due to the presence of a dense network of fine filaments and many free ribosomes throughout the cytoplasm. During the first phase of cerebellar histogenesis dark ceils occur in the ventricular matrix and in the mantle layer, except for the regions where the matrix is exhausted. In the second phase of histogenesis a dark aspect is shown by the secondary matrix cells and their derivatives, as far as the latter have not yet reached their destination. During that phase no cells of the original mantle layer are darkly stained. As regards other parts of the brain, it has been observed that the rectum mesencephali, when still composed of matrix cells only, does not contain dark cells, although in the underlying brain stem elements are present. In the latter part of the brain a mantle layer is then being formed, the dark cells occurring in both the matrix and the mantle layer. From the observations summarized above, it is tentatively concluded that the dark cytoplasm is not an artifact, but rather a feature of immature cells which are migrating or are about to migrate. This conclusion is supported by a number of studies, showing that fine filaments are abundant in cells performing movements Spooner et al., 1971; Yamada et al., 1971; Luduefia and Wessells, 1973) .
